Evanescent field profiles of whispering gallery ͑WG͒ modes in a 1.6-m-GaInAsP microdisk injection laser were investigated by scanning a nanoprobe near the periphery of a lasing microdisk. The increase in threshold current due to the light scattering by the probe and the corresponding decrease in laser light were observed experimentally. Two-dimensional images of the evanescent field, which agreed well with theoretical expectations, were obtained by the use of a Pt-Ir probe. The images indicate that the WG mode is strongly locked by the fourfold symmetry in the microdisk with center post claddings. This characteristic is favorable for the microdisk laser itself to be used as an active near-field probe. A lower contrast image obtained by the use of a tapered silica fiber probe suggests that the microdisk probe can be sensitive to both surface profiles and optical properties of the object.
͑Received 23 May 2000; accepted for publication 12 July 2000͒ Evanescent field profiles of whispering gallery ͑WG͒ modes in a 1.6-m-GaInAsP microdisk injection laser were investigated by scanning a nanoprobe near the periphery of a lasing microdisk. The increase in threshold current due to the light scattering by the probe and the corresponding decrease in laser light were observed experimentally. Two-dimensional images of the evanescent field, which agreed well with theoretical expectations, were obtained by the use of a Pt-Ir probe. The images indicate that the WG mode is strongly locked by the fourfold symmetry in the microdisk with center post claddings. This characteristic is favorable for the microdisk laser itself to be used as an active near-field probe. A lower contrast image obtained by the use of a tapered silica fiber probe suggests that the microdisk probe can be sensitive to both surface profiles and optical properties of the object. © 2000 American Institute of Physics. ͓S0003-6951͑00͒01737-X͔ Semiconductor microdisk lasers [1] [2] [3] [4] [5] have whispering gallery ͑WG͒ modes as lasing modes. They are strongly confined in a disk active layer by the total internal reflection at semiconductor/air boundaries. This causes the difficulty in extracting efficient light output from this type of laser. On the other hand, this feature can be used for a sensing, in which a lasing microdisk acts as an active near-field optical probe. 6 Since WG modes have the evanescent field spreading to the air, it suffers scattering loss when an object is put close to the periphery of the microdisk. Then, the surface profile of the object is converted to the modulation in threshold current and in laser light. This probe is advantageous due to ͑1͒ the multifunction of the microdisk laser, i.e., light emission, probing, and amplification, and ͑2͒ a micrometer-order small size suitable for large-scale integration and parallel probing.
In a previous study, we experimentally observed the response of the laser light against a metal needle moving one dimensionally against a microdisk in the direction normal to the disk plane. 7 It was not precisely the probing of the shape of the needle tip by the microdisk probe, but rather the probing of the evanescent field of the WG mode by the metal probe. This is because the tip radius of the metal needle, 50 nm, was much smaller than the full width at half maximum ͑FWHM͒ of the response, 160 nm, ϳ0.1 times the lasing wavelength 1.55 m. However, the result suggested the microdisk probe action well and also suggested the potential of the probing of mode fields in various lasers by this method. In this study, we developed the scanning system for twodimensional ͑2D͒ probing. This enabled us to investigate the behavior of lasing characteristics influenced by the probe and a detailed profile of the evanescent field. They exhibited some very unique properties, indicating the clear evidence of the operation principle of the microdisk probe and the strong lock of the mode standing wave in a microdisk laser with center post claddings. Figure 1 shows the setup for the probing experiment and the coordinate system. We fabricated an injection-type microdisk laser with a GaInAsP/InP compressively strained multiquantum wells by inductively coupled plasma etching, as described in Ref. 4 . The diameter and the thickness of the microdisk were 6 and 0.2 m, respectively. The current was flowed from a Pt-Ir needle ͑commercially available for scanning electron microscopes͒ to the top contact layer ͑omitted in Fig. 1͒ . The lasing wavelength was 1.58-1.60 m, and the threshold current was typically 0.5 mA under pulsed condition at room temperature. The stable single mode operation was observed in all the experiments in this study. For the probing experiment, the laser was biased above threshold and the light radiated almost uniformly around the microdisk by the scattering at the imperfect disk edge was detected by a tapered multimode fiber. The detected light was spectrally resolved by an optical spectrum analyzer and the intensity at the lasing wavelength was recorded as the light intensity. For the probing of the evanescent field of the WG mode, another Pt-Ir needle with a tip radius of ϳ150 nm was first used as a probe. It was electrically connected to the ground level to minimize the electrostatic force. The position of the needle tip was controlled by three piezo stages each having 15 nm resolution. The reciprocating motion of the needle tip inside the xy plane, as illustrated in Fig. 1 Near the periphery of a microdisk injection laser, a sharp needle was scanned multidimensionally. The change of the laser light was detected by a tapered multimode fiber put close to the microdisk. All the measurements were carried out at room temperature by the pulsed injection current of 200 ns pulse width and 2 kHz repetition frequency.
APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 11 11 SEPTEMBER 2000 computer for a 2D imaging of the evanescent field. Figure 2 shows light versus current characteristics, which were influenced by positions of needle and fiber tips. The threshold current was increased to nearly twice at z ϳ300 nm. This simply shows the operation principle of the microdisk probe. When the needle tip was close to the fiber tip, the light was increased even though the threshold current was not changed. This was caused by the direct insertion of the scattered light by the needle into the fiber. Figure 3 shows the light observed with various distances z at relative position of the probe and the fiber, as shown in the lower inset of Fig. 2 . The light drastically decreased when z Ͻ300 nm. The length zϳ300 nm should be a decay length of the evanescent field. Figure 4 shows responses of light when the Pt-Ir probe was moved two dimensionally inside the xy plane. Even at zϳ500 nm, which is much larger than the decay length of the evanescent field, the influence of the probe is clear, as shown in Fig. 4͑a͒ . At zϳ300 nm, a minimum of light intensity was observed in the direction normal to the disk plane ͑y direction͒ with FWHM of 330 nm. This FWHM is much wider than 160 nm obtained against a needle with a tip radius of 50 nm. 7 Therefore, it should correspond to the size of the probe tip, not the distribution of a WG mode. In Fig. 4͑c͒ , one maximum and three minima are observed along the line parallel to the disk plane ͑x direction͒. As explained above, the maximum at the right end of this figure is due to the increase in direct light scattered by the probe and coupled into the fiber. On the other hand, it is reasonable to consider that three minima were due to the standing wave of a WG mode. However, a more complex discussion is needed to explain this result. Suppose that there are no intrinsic mechanisms that lock positions of nodes and antinodes of the standing wave in a microdisk laser with perfect axial symmetry. Then, the positions should be changed by the moving needle so that the scattering loss of the WG mode is minimized. This would extinguish the response displaying the standing wave. However, such a response was actually observed at zϳ300 nm. Thus, we should conclude that the standing wave is intrinsically locked in an actual microdisk laser. This conclusion is verified by a theoretical calculation; the observed response agrees well with the calculated one by the finite difference time domain ͑FDTD͒ method, as shown in Fig. 4͑c͒, assuming that the influence of the center square post claddings supporting the microdisk. As seen in Fig. 4͑a͒ , the response still displays the standing wave at zϳ100 nm. The lock of the standing wave is much stronger than the influence of the moving needle. This characteristic is favorable not only for the nearfield probe action but also for the reduction in threshold current, since the unwanted stimulated emission for degenerate nonlasing modes 8 is suppressed by the lock of the standing wave. Figure 5 shows responses against a tapered silica fiber used in place of the needle. Since the tip radius of the fiber was ϳ400 nm, much larger than the period of the standing wave, the 2D response in Fig. 5͑a͒ displays the profile of the fiber tip. For the fiber, the contrast of the minimum to the background level was 1/3 of that for the Pt-Ir needle. This is qualitatively consistent with a result of the FDTD simulation, i.e., for zϾ200 nm ͑weak scattering regime͒, a lower dielectric constant of the object causes a smaller scattering loss of the WG mode and hence a lower image contrast. The simulation also suggests that a distance z less than 100 nm rather changes the profile of the WG mode and causes a coupling of the WG mode to the object, which make the relation more complex.
In conclusion, we demonstrated the direct observation of the evanescent field profiles of the WG mode in a microdisk injection laser by a near-field probing technique. Obtained profiles agreed well with theoretical expectations. They indicated that the position of the mode standing wave was strongly locked by the square post claddings supporting the microdisk. The circular image corresponding well to the shape of the tapered silica fiber with ϳ400 nm tip radius clearly demonstrated the active near-field probe action in the microdisk laser. The lower image contrast against the fiber compared with that against the metal, which was observed in the weak scattering regime, suggested the potential of a multifunctional probe sensitive to both surface profiles and optical properties. FIG. 5 . Response of light against a tapered silica fiber having ϳ400 nm tip radius at zϳ300 nm and the change of the light intensity along line E-F.
